Coping with intermittent social stress is an essential aspect of living in complex social environments. Coping tends to counteract the deleterious effects of stress and is thought to induce neuroadaptations in corticolimbic brain systems. Here we test this hypothesis in adult squirrel monkey males exposed to intermittent social separations and new pair formations. These manipulations simulate conditions that typically occur in male social associations because of competition for limited access to residency in mixed-sex groups. As evidence of coping, we previously confirmed that cortisol levels initially increase and then are restored to prestress levels within several days of each separation and new pair formation. Follow-up studies with exogenous cortisol further established that feedback regulation of the hypothalamic-pituitary-adrenal axis is not impaired. Now we report that exposure to intermittent social separations and new pair formations increased hippocampal neurogenesis in squirrel monkey males. Hippocampal neurogenesis in rodents contributes to spatial learning performance, and in monkeys we found that spatial learning was enhanced in conditions that increased hippocampal neurogenesis. Corresponding changes were discerned in the expression of genes involved in survival and integration of adult-born granule cells into hippocampal neural circuits. These findings support recent indications that stress coping stimulates hippocampal neurogenesis in adult rodents. Psychotherapies designed to promote stress coping potentially have similar effects in humans with major depression.
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gene expression | learning | neuroplasticity | resilience | hippocampus A lthough stress generally inhibits proliferation of new cells (1, 2) and thereby decreases neurogenesis in the hippocampus (3) (4) (5) , recent studies of rodents suggest that coping with mild intermittent stress increases adult neurogenesis in the hippocampal dentate gyrus (6) . Psychotherapies designed to promote coping in humans with depressive disorders may potentially have similar effects (7, 8) , but the neurogenic potential of stress coping has not been examined in human or nonhuman primates. Studies of primates are important for understanding neurogenesis in adult brain systems with established neural circuits and life spans that differ significantly from rodents (9) .
For most adult human and nonhuman primates, coping with stressful psychosocial demands spontaneously occurs in the absence of therapeutic interventions or guidance (10, 11) . Male squirrel monkeys, for example, travel alone, in pairs, or in all-male groups that undergo stressful changes in membership. Changing male social associations occur in free ranging naturalistic conditions because of competition for limited access to residency in mixed-sex groups (12, 13) . As evidence of coping, we and other investigators determined that plasma levels of cortisol initially increase and then are restored to prestress levels during intermittent social separations and new pair formations (14) (15) (16) . Follow-up studies with exogenous cortisol further established that feedback regulation of the hypothalamic-pituitary-adrenal (HPA) axis is not impaired (17) . Moreover, we found that plasma levels of adrenocorticotropic hormone (ACTH) measured in undisturbed home cage conditions and after exposure to a nonsocial stressor (i.e., restraint) do not differ significantly in males exposed to prior intermittent separations and new pair formations compared with control monkeys housed continuously with a familiar male (17) .
To further investigate this model of coping with intermittent social stress, 12 squirrel monkey males were randomized in adulthood to the following conditions. In one condition, six monkeys were housed continuously with a familiar adult male companion. In the other condition, six monkeys were housed for 3 wk alone and then 9 wk with an unfamiliar male. Six repeated sessions of living alone and in new pairs were conducted over the 18-mo study. Measures of learning and neurogenesis were examined for indications of adaptive changes in the adult hippocampus. Corresponding changes in gene expression were also examined to identify potential molecular mechanisms for future investigation.
Results
Learning performance was assessed during week 4 for each of the six new pair formation sessions. Each monkey was required to learn and remember the spatial orientation of a baited box to efficiently retrieve food treats by reaching toward the location that was baited on the preceding trial. Spatial learning is mediated, in part, by hippocampal neurogenesis in rodents (18) (19) (20) (21) , and learning assessed on the same test as that used here correlates with squirrel monkey hippocampal volumes measured in vivo by neuroimaging (Fig. S1) .
Correct test response rates increased significantly over the series of six test sessions determined by repeated measures ANOVA [F(5,25) = 3.70, P = 0.012] for monkeys intermittently housed alone and in newly formed pairs. Simple practice effects are unlikely because the performance of control monkeys housed continuously with a familiar adult male companion did not differ over the same series of repeated test sessions [F(5,25) = 0.89, P = 0.504; Fig. 1 ]. The experimental design was not sufficiently powered to detect a housing condition-by-test session interaction (22) , but significant differences were discerned on the last two test sessions as determined by t tests for housing condition effects [t(10) = 2.35, P = 0.041 for session 5; t(10) = 2.33, P = 0.042 for session 6]. Correct test response rates were, on average, 12% greater in monkeys housed alone and in new pairs compared with control monkeys during the final two sessions (Fig. 1) .
To identify adult-born cells, 50 mg/kg BrdU was i.v. administered every other day for the first 10 d of the last new pair formation and at matched time points for control monkeys housed with a familiar companion. This schedule was selected to coincide with the time period when social stimulation in songbirds and environmental enrichment in rodents rescues adult-born neurons from apoptotic cell death (23) (24) (25) (26) . Twelve weeks later, cells double-labeled with BrdU and the mature neuron marker NeuN were counted in the granule cell layer of the right hippocampal dentate gyrus ( Fig. 2A) .
The total number of BrdU-labeled cells in the dentate gyrus was 45% greater in monkeys housed alone and in new pairs (911 ± 113; mean ± SEM) compared with control monkeys (629 ± 48) housed with a familiar companion [t(10) = 2.29, P = 0.045]. Most of the BrdU-labeled cells (89-96%) were NeuN double-labeled 12 wk after BrdU administration, and the percentage of BrdU-labeled cells that coexpressed NeuN did not differ between housing conditions (P = 0.704). Consequently, neurogenesis assessed in terms of the number of cells double-labeled with BrdU and NeuN in the hippocampal dentate gyrus was 44% greater in monkeys housed alone and in new pairs compared with control monkeys [t(10) = 2.27, P = 0.047] as depicted in Fig. 2B . Similar housing condition effects were not discerned for total granule cell (thionin-stained) counts or granule cell layer volumes ( Fig. 2 C and D) .
Microarray analysis of gene expression in the left hippocampus identified five genes that correlated with correct test response rates for learning on the last two sessions (IGF1, r = 0.66, P = 0.028; GRM7, r = 0.74, P = 0.010; ARL6IP5, r = 0.71, P = 0.013; PHLPP, r = −0.66, P = 0.028; PRG-3, r = −0.79, P = 0.004) and with BrdU/NeuN cell counts in the right hippocampus (IGF1, r = 0.64, P = 0.035; GRM7, r = 0.63, P = 0.038; ARL6IP5, r = 0.69, P = 0.020; PHLPP, r = −0.71, P = 0.014; PRG-3, r = −0.63, P = 0.037). In situ hybridization histochemistry confirmed that all five genes are expressed in the neurogenic region of squirrel monkey hippocampus, i.e., subgranular zone and granule cell layer of the dentate gyrus (Fig. 3 ). An additional 176 genes correlated with learning (P < 0.05) but not neurogenesis (Dataset S1), and 46 genes correlated with neurogenesis (P < 0.05) but not learning performance (Dataset S2). The microarray data for all genes detected in the squirrel monkey hippocampus are freely available for public use at http://www.pritzkerneuropsych.org/data/data.htm.
Each of the five gene correlates of learning and neurogenesis were differentially expressed in monkeys housed alone and in new pairs compared with control monkeys based on univariate (P < 0.05) and multivariate analysis of variance (Wilks' lambda = 0.057, F(5,5)=16.55, P = 0.004). Three genes were up-regulated (IGF1, GRM7, ARL6IP5) and two genes were down-regulated (PHLPP, PRG-3) in monkeys housed alone and new pairs compared with control monkeys housed continuously with a familiar companion. Based on observed subregional differences in PRG-3 gene expression ( Fig. 3) , we proceeded to verify the microarray finding of PRG-3 down-regulation using in situ hybridization histochemistry to test for housing condition effects within hippocampal subregions. As depicted in Fig. 4 , stress coping downregulated PRG-3 in the dentate gyrus (t(9)=2.33, P = 0.044) and hippocampal CA1 (t(9)=2.38, P = 0.041) but not hippocampal CA2/3 or the hilus. Adequate amounts of hippocampal tissue were not available for further verification of PRG-3 down-regulation using quantitative PCR (qPCR) nor to validate the other four genes identified by microarray. Nevertheless, all five genes have been implicated in learning and hippocampal neurogenesis in rodents as described below.
Discussion
This study tested the hypothesis that coping with intermittent social separations and new pair formations induces neuroadaptations in adult squirrel monkey hippocampus. Previously, we confirmed that cortisol levels initially increase and then are restored to prestress levels within several days of each intermittent social separation and new pair formation (14) . Followup studies further established that HPA axis reactivity and regulation are not impaired (17) . Here we showed that coping with and corresponding hippocampus (Lower) are presented for five genes identified by microarray. Abbreviations: DG, dentate gyrus; H, hilus; CA1, hippocampal CA1 field; CA2/3, hippocampal CA2 and CA3 fields; ARL6IP5, ADP ribosylation-like factor 6 interacting protein 5; IGF1, insulin-like growth factor 1; PRG-3, plasticity-related gene 3; PHLPP, PH domain and leucine-rich repeat protein phosphatase; GRM7, metabotropic glutamate receptor 7.
intermittent social separations and new pair formations increased adult hippocampal neurogenesis in squirrel monkey males. Spatial learning was also enhanced and corresponding changes were discerned in the expression of genes involved in hippocampal neurogenesis and learned aspects of behavior. These results and recent studies of rodents (6) support the suggestion that psychotherapies designed to promote stress coping may stimulate hippocampal neurogenesis in humans with major depression (7) .
Whether stress coping specifically increases cell proliferation and/or new cell survival is not yet known, but the increase we found in hippocampal neurogenesis occurred with no net gain in total granule cell counts or granule cell layer volumes. These findings are consistent with evidence that in songbirds adult-born neurons replace preexisting cells (25) . This possibility must be considered with caution, however, because only a small proportion of neurons in squirrel monkey dentate gyrus was labeled with BrdU. In rodents, genetic cell fating mapping studies that follow the majority of adult-born neurons (19, 27) support observations that neurogenesis adds to a net increase in granule cell numbers and granule cell layer volumes (28, 29) . Further studies are needed to determine whether adult neurogenesis results in replacement or addition of neurons in primate dentate gyrus.
Mouse models designed to selectively diminish hippocampal neurogenesis have established a casual role for adult-born neurons in spatial maze learning (18-21) but not novelty exploration (20) nor contextual fear conditioning (18, 20, 21) . Our findings suggest that hippocampal neurogenesis may also play role in cognitive processes that rely on positional information and not maze learning per se. In humans, hippocampal lesions have greater effects on visuospatial tests of positional information compared with spatial maze learning (30) . Although improvements in learning emerged in monkeys before we administered BrdU to label adult-born cells, this does not preclude the possibility that neurogenesis was initially enhanced earlier during our study. Whether neurogenesis facilitates learning or learning promotes hippocampal neurogenesis cannot be determined from the correlative evidence that we present here for monkeys.
In addition to learning, hippocampal neurogenesis has been associated with emotion regulation in studies of major depression (7, 31, 32) . Antidepressant-induced hippocampal neurogenesis occurs in bonnet monkeys (33) and antidepressant treatments in rodents appear to enhance emotion regulation by increasing neurogenesis in the ventral hippocampal dentate gyrus (1, 7) . The neurogenic effect we observed in squirrel monkeys likewise tended to be greater in the anterior (ventral in rodents) compared with posterior (dorsal in rodents) hippocampal dentate gyrus, but this difference in our sample of six subjects in each housing condition was not statistically significant.
The number of BrdU/NeuN-labeled cells in squirrel monkey dentate gyrus was, on average, twofold greater than that reported for individually-housed cynomolgus monkeys examined 12 wk after a single i.v. injection of BrdU (34) . This disparity may reflect discrepancies between the BrdU treatment protocols (i.e., five 50-mg/ kg injections versus one 100-mg/kg injection), environmental enrichment effects (e.g., social vs. nonsocial housing) or interspecies differences in cell proliferation and survival. The percentage of BrdU-labeled cells that coexpressed NeuN in squirrel monkey dentate gyrus 12 wk after administration of BrdU was likewise greater than that reported in previous studies of nonhuman primates (33-35) but was similar to findings from rodents (36, 37) .
In songbirds and rodents, adult neurogenesis is mediated, in part, by the expression of genes involved in proliferation, survival, and integration of neurons into functional circuits (38) (39) (40) . Several genes identified in earlier studies are supported to various degrees by our microarray results for squirrel monkeys. Brain-derived neurotrophic factor (BDNF) gene expression correlated with learning but not neurogenesis, whereas growth factor receptorbound protein 2 (GRB2) gene expression correlated with neurogenesis but not learning performance. Previously, these genes have been associated with learning and hippocampal neurogenesis in rodents (39) (40) (41) . Of the five genes in monkeys that correlated both with learning and hippocampal neurogenesis, the most wellknown encodes IGF1, which acts locally to increase neurogenesis through PI3K/Akt signaling (42) . Two other genes that we identified regulate glutamate homeostasis and glutamate modulates hippocampal neurogenesis in rodents (43) . Up-regulation of ARL6IP5 increases extracellular glutamate levels by reducing glutamate transport (44) , whereas up-regulation of GRM7 prevents excitotoxic accumulation by feedback inhibition of glutamate release (45) . The fourth gene correlate of learning and neurogenesis in monkeys encodes PHLPP, a negative modulator of PI3K/Akt signaling (46) and CREB-mediated transcription (47) . Down-regulation of PHLPP enhances new cell survival (46) and mediates memory formation (47) . The fifth gene encodes PRG-3, a new member of the brain-specific family of lysophospholipidmodifying proteins (LLPs) (48) . Down-regulation of LLPs increases lysophosphatidic acid signaling (48) , which, in turn, promotes hippocampal neurogenesis in adult mice (49) .
In summary, results from this study of monkeys link adult hippocampal neurogenesis, learning, and the expression of genes that appear to be regulated by coping with stress. These findings are consistent with indications that stress coping stimulates hippocampal neurogenesis in adult rats (6) . Follow-up studies aimed at understanding the molecular and cellular neurobiology of coping in animal models may provide mechanistic insights for the development of therapeutics that mimic or enhance adaptive stress coping in humans with major depression.
Materials and Methods
Experimental Design. Twelve laboratory-born male squirrel monkeys (Saimiri sciureus) were randomized in adulthood (i.e., 7.2-10.6 y) to living continuously with a familiar adult male companion (n = 6) or living alone and in new pairs (n = 6) as described above. In both conditions, monkeys were housed in wire mesh cages (1.8 × 1.2 × 1.8 m) in climate controlled rooms at approximately 26°C on 12:12 h light/dark cycles with lights on at 0700 hours. Cages were cleaned daily and monkeys were provisioned with fresh drinking water, commercial monkey chow, and fresh fruit and vegetable supplements. Various toys and swinging perches were provided to all monkeys for environmental enrichment. All procedures were conducted in accordance with the National Institutes of Health Guide and were approved by the Institutional Animal Care and Use Committee. ) housed continuously with a familiar companion (mean ± SEM, n = 5-6 per condition, *P < 0.05). Abbreviations: DG, dentate gyrus; H, hilus; CA1, hippocampal CA1 field; CA2/3, hippocampal CA2 and CA3 fields.
monkeys housed continuously with a familiar companion. During each test session, four five-trial blocks were administered daily over 4 consecutive d. Each trial was terminated when the marshmallow was retrieved, with a 20-s delay between trials in each block, and a 30-min delay between each of the four daily five-trial blocks.
During the first two daily five-trial blocks, the box opening was oriented in the same direction, i.e., toward the left on even-numbered days and toward the right on odd-numbered days. Each monkey was required to learn and remember the initial box opening orientation. During the second two daily five-trial blocks, the box opening was oriented opposite to that presented for the first two blocks. Each monkey was now required to inhibit the previously rewarded reaching response and learn the new orientation.
After the completion of testing each day, all monkeys were returned to the home cage and fed unrestricted amounts of monkey chow with fresh fruit and vegetable supplements. The following morning, 1 h before testing, all uneaten food was removed. Each monkey was tested at the same time of day between 0900 and 1200 hours.
The marshmallow treat was always retrieved (latencies = 2 ± 2 s, mean ± SD) but retrievals were often preceded by a reach attempt error toward the incorrect side. The number of correct first reach responses performed during each of the two test types (pre-vs. postreversal) was analyzed for improvements across test sessions (1-6) using repeated measures ANOVA for each housing condition. For control monkeys housed continuously with a familiar companion, neither the test session main effect nor the session × test type interaction was statistically significant. On the other hand, a significant test session main effect was discerned for monkeys housed alone and in new pairs [F(5,25) = 3.70, P = 0.012], but the session × test type interaction was not significant. These results indicate that improvements in performance did not differ between test types. The data were therefore reexamined without test type included in the analysis and the findings are presented in Results. Housing condition differences depicted in Fig. 1 were assessed using Student t tests.
Brain Tissue Collection. Brain tissue for BrdU immunohistochemistry, microarray analysis, and in situ hybridization histochemistry were collected between 0800 and 1000 hours while all monkeys were housed in pairs. Monkeys were anesthetized with an intramuscular injection of 10 mg/kg ketamine hydrochloride, followed by euthanasia with an i.v. overdose of 120 mg/kg pentobarbital. Craniotomies were performed, brains were removed, and the left and right cerebral hemispheres were separated by a midsagittal incision.
Left hemispheres were cut coronally into blocks using a custom-designed acrylic brain matrix. Tissue blocks were frozen in isopentane on dry ice at −40°C for storage at −80°C. Blocks were then cut coronally into 20-μm sections, thawmounted on Superfrost Plus glass slides, and stored at −80°C for subsequent microarray analysis and in situ hybridization histochemistry.
From the right hemispheres, the hippocampus was isolated and immersion fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (PB) (pH 7.4) at 4°C for 30 h. Hippocampal tissue was then equilibrated in 30% sucrose in 0.1 M PB at 4°C and sectioned perpendicular to the septotemporal axis with a sliding microtome equipped with a freezing stage and set at 30 μm. Starting at a random section from the septal pole, a 1-in-12 series of sections was processed for thionin staining. All other sections were stored in 30% ethylene glycol and 25% glycerol in 50 mM PB at −20°C for subsequent BrdU immunohistochemistry.
BrdU Immunohistochemistry. Starting at a random section from the septal pole, a 1-in-6 series of fixed tissue sections was processed from each monkey for BrdU and NeuN fluorescent double-labeling. Sections were rinsed in 0.1 M PB and exposed to 50% formamide in 2× SSC for 2 h at 65°C. After rinsing in 2× SSC, sections were exposed to 2 N HCl for 30 min at 37°C and then 0.1 M boric acid (pH 8.5) for 10 min. After rinsing in Tris buffered saline (TBS) (pH 7.4), sections were exposed to 1% H 2 O 2 in 0.1 M TBS for 2 h. After several additional rinses, sections were placed in a blocking solution consisting of 3% goat serum, 2% BSA, and 0.3% triton in 0.05 M TBS for 2 h. Sections were then incubated in rat anti-BrdU serum (1:1,000; Accurate Chemical) and mouse anti-NeuN serum (1:1,000; Chemicon) in 1% goat serum, 0.2% BSA, and 0.3% triton in 0.05 M TBS at 4°C for 14 h. After rinsing in 0.1 M TBS, sections were incubated in goat anti-mouse serum conjugated to Alexa 488 (10 μg/mL; Molecular Probes) and goat anti-rat serum conjugated to Alexa 594 (10 μg/mL; Molecular Probes) in 2% BSA and 0.3% triton in 0.05 M TBS for 3 h. After rinses in 0.1 M TBS, sections were mounted on slides, coverslipped with Vectashield (Vector Laboratories), and coded for counting without knowledge of the treatment conditions. Cell Counts. All BrdU-and BrdU/NeuN-labeled cells in the granule cell layer of the dentate gyrus were counted using a 63× oil objective on a Zeiss LSM5 Pascal confocal microscope. Every BrdU/NeuN-labeled cell was visualized in serial 1-μm optical sections in the z-plane to confirm BrdU and NeuN colocalization. To ensure that NeuN staining was not due to autofluorescence, all BrdU-labeled cells were also evaluated using 330-nm excitation. The few cells showing blue (450 nm) autofluorescence were not scored as NeuN positive. Only cell caps not cut at the upper surface of the section were counted to control for oversampling.
To determine the total number of granule cells and the granule cell layer volume for each dentate gyrus, the 1-in-12 series of thionin-stained sections were analyzed using a microscope equipped with a Lucivid and StereoInvestigator software (MicroBrightField). Contours were drawn around the granule cell layer and the volume for each dentate gyrus was estimated using the Cavalieri method. A modified optical dissector method was then used to estimate the total number of granule cells in each dentate gyrus using a 100× objective. The counting frame was set at 10 × 10 μm and the counting grid was 200 × 200 μm. The dissector height was the total section thickness, and only cell caps not cut at the upper surface of the section were counted to control for over-sampling. Housing condition differences were evaluated using t tests.
Microarray Analysis. Starting at a random section from the septal pole, a 1-in-10 series of fresh frozen tissue sections from each monkey was selected for hippocampal dissections at 0°C under a stereo zoom microscope. All hippocampal tissue on each section was collected into RNase-free tubes and stored at −80°C. Tissue was homogenized with a motorized pellet pestle and total RNA from each sample was extracted using TRIzol Reagent (Invitrogen). Quantification was carried out by spectrophotometric analysis and gel electrophoresis was used to verify the integrity of each RNA sample. Samples were then amplified with the two-cycle method, reverse transcribed into cDNA, labeled with biotinylated nucleotides, and hybridized to Affymetrix HG U133A 2.0 microarrays.
All but 1 of the 12 samples were of high and comparable quality as determined by the ratio of 28S to 18S ribosomal RNAs and signal intensity ratios from probes for the 3′ and 5′ ends of GAPDH and β-actin transcripts used as quality controls on the microarrays. The single poor-quality sample from one control monkey was excluded from all further analysis.
Scanned microarray data were initially processed by MicroArray Suite 5 (MAS5; Affymetrix) to convert raw image files (.DAT) into probe signal files (.CEL), which were subsequently analyzed using the dChip perfect match-only protocol (50) . Gene expression values determined by dChip were log2 transformed, imported into R software (http://www.r-project.org), normalized using quantile normalization, median-centered to correct for technical batch-related variation, and interpreted using a custom chip description file (U133Av2_HS_UG_5) described elsewhere (51) and freely available at http:// brainarray.mhri.med.umich.edu/Brainarray/Database/CustomCDF/. Of the 11,839 gene transcripts screened by microarray, 5,627 were called present by MAS5 software on one or more of the microarrays. The data for all 5,627 detected gene transcripts are freely available for public use at http://www. pritzkerneuropsych.org/data/data.htm.
In Situ Hybridization Histochemistry. Riboprobes for in situ hybridization histochemistry were synthesized from templates cloned from squirrel monkey cDNA using primers targeted against known sequences for macaque monkeys (Macaca). IGF1 was measured using a 202-base antisense riboprobe directed against squirrel monkey IGF1 (GenBank accession no. GQ504196). PRG-3 was measured with a 575-base riboprobe directed against squirrel monkey PRG-3 (GenBank accession no. GQ845038). PHLPP was measured with a 465-base riboprobe directed against squirrel monkey PHLPP (GenBank accession no. GQ845039). GRM7 was measured with a 313-base riboprobe directed against squirrel monkey GRM7 (GenBank accession no. GQ845041). ARL6IP5 was measured with a 301-base riboprobe directed against squirrel monkey ARL6IP5 (GenBank accession no. GQ845040). Riboprobe synthesis and in situ hybridization histochemistry were carried out as previously described (52) . Hybridized tissue sections were dehydrated, air-dried, and exposed to Biomax MR film for 3 d with [
14 C]-radiolabeled standards to assure that specific hybridization signal did not exceed the linear range of the film. No signal was generated from sense-strand controls for each of the five genes of interest. To verify PRG-3 down-regulation, we manually traced the dentate gyrus, hilus, CA1, and CA2/3 regions on digital images of each hybridized tissue section. Corresponding thionin-stained sections and the squirrel monkey brain atlas (53) were used to identify hippocampal subregions. Gray level measures were extracted from each subregion, background corrected, and averaged across four tissue sections per monkey for subsequent assessment of housing condition differences using t tests.
